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Abstract
We present data from Fermilab experiment E781 (SELEX) on the hadroproduction asymmetry for ¯−c compared to +c as a
function of xF , and on p2t distributions for 
+
c . These data were measured in the same apparatus using incident π−, − beams
at 600 GeV/c and proton beam at 540 GeV/c. The asymmetry is studied as a function of xF . In the forward hemisphere with
xF  0.2 both baryon beams exhibit very strong preference for producing charm baryons rather than charm antibaryons, while
the pion beam asymmetry is much smaller. In this energy regime the results show that beam fragments play a major role in the
kinematics of c formation, as suggested by the leading quark picture.  2002 Published by Elsevier Science B.V.
1. Introduction
The conventional leading order (LO) and next to
leading order (NLO) charm–anticharm production di-
agrams at the quark level show little or no asymmetry
in the xF or pt behaviour of the quark and antiquark,
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as viewed in the laboratory frame. Previous studies,
primarily using pion beams at a variety of energies
up to 500 GeV/c, have shown that in many cases
charm mesons that share a quark in common with the
beam hadron, so-called leading charm, are produced
more copiously in the forward hemisphere than those
states which do not have a shared quark, i.e., non-
leading charm [1]. Recently, this has been extended
to charm baryon production by a − beam, where
asymmetry for +c compared to ¯−c as a function of
xF was reported to be large [2]. There are limited-
statistics proton data available for central production,
where only a 90% confidence level lower limit is re-
ported [3].
Because the quark-level processes are thought to be
symmetric, the asymmetries are viewed as features of
the hadronization process [4] or as a manifestation of
an intrinsic charm content of the beam hadron [5]. In
this experiment the+c shares a quark in common with
all three beam hadrons, while the antibaryon has an
antiquark in common with the π− beam only. We shall
compare the hadroproduction characteristics for these
charm baryon and antibaryon states to illuminate the
role of the beam fragments in hadronization-induced
asymmetries.
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2. Apparatus description
The SELEX spectrometer is a three-stage magnetic
spectrometer designed to cover charm production
in the forward hemisphere. The beam hadron was
identified by a transition radiation detector as pion or
not-pion and tracked in 8 beam silicon strip detectors
before interacting in a set of 5 target foils, 2 copper
and 3 carbon totalling 5% of a proton interaction
length. Interaction products were tracked in a set
of 20 vertex silicon detectors arranged in 4 sets of
planes rotated by 45◦. Single-track efficiencies for
each system exceeded 98%. Data were taken with
negative beam at 615 GeV/c (half π , half ) totalling
12.3× 109 inelastic interactions and positive beam at
540 GeV/c (92% protons) totalling 2.8×109 inelastic
interactions. The layout of the spectrometer can be
found elsewhere [6].
Two Proportional Wire Chamber (PWC) magnetic
spectrometer systems analyzed tracks with momenta
above 3 GeV/c (M1 spectrometer, 12 planes) or
15 GeV/c (M2 spectrometer, 14 planes). The beam re-
gion of the PWCs was covered with double-sided sili-
con detectors to give high-resolution momentum mea-
surement up to full beam energy. The combination of
excellent vertex-region tracking resolution (typically
65 µrad at 150 GeV/c) and excellent momentum res-
olution (σp/p ≈ 0.5% for a typical 100 GeV/c track)
gave a +c mass resolution (σ ) of about 9 MeV/c2
at all xF . Tracks above 22 GeV/c traversed a Ring–
Imaging ˇCherenkov (RICH) and were identified as
π , K , or p [7]. The RICH distinguished K± from
π± up to 165 GeV/c. The proton identification ef-
ficiency was greater than 95% above proton thresh-
old (≈ 90 GeV/c) and greater than 90% above kaon
threshold (≈ 45 GeV/c). For pions the total mis-
identification probability due to all sources of confu-
sion was less than 4%.
An important innovation in SELEX was the use of
an online topological trigger to identify charm. The
hardware trigger was loose, requiring  4 charged
hadrons in the forward 150 mrad cone and  2
hits from positive track candidates in a hodoscope
after M2. About 1/3 of all inelastic interactions
satisfied this trigger. The software trigger made a full
vertex reconstruction of the beam track and all tracks
in the M2 spectrometer (high momentum tracks) to
test the hypothesis that they all came from a single
primary vertex. A software-adjustable χ2 cut of 8.5
selected candidate events that were inconsistent with
a single primary vertex, i.e., events that might have
a downstream decay. This gave a rejection factor of
about 8 in the data volume. Studies with the software
trigger turned off show that this reduces the charm
efficiency by about a factor of 2 for a net filter
enhancement of 4.
3. Data analysis
A general data reduction pass found reconstructable
charged tracks and identified the interacting beam
track. Primary and secondary vertices were found by
geometric reconstruction without regard to particle
identification. The high resolution of the beam and
vertex systems, along with the thin production targets,
gave typical primary vertex resolution of 270 µm and
secondary vertex resolution for these +c events of
560 µm for a mean +c momentum of 230 GeV/c.
All the pKπ candidates used in this analysis
were selected by the following requirements: (1) pri-
mary and secondary vertex fits each had χ2/dof < 5;
(2) the primary-secondary vertex separation signifi-
cance (L/σ ) had to be greater than 8, where σ is
the quadrature sum of the primary and secondary ver-
tex errors; (3) the total momentum vector of the de-
cay tracks had to point back to the primary vertex
within errors; (4) (¯−c ) +c events were required to
have positive RICH identification for the (anti)proton
and the (K+)K−. The pion could be any track; (5) sec-
ondary vertices which occurred inside any target were
removed; (6) each secondary track was extrapolated
back to the primary vertex to determine its transverse
miss distance. The second-largest transverse miss dis-
tance had to exceed 20 µm.
Events were selected by the above cuts and sorted
by the primary beam tag: − or π− from the negative
beam and protons from the positive beam. Fig. 1 shows
the full SELEX statistics for the ¯c
− → p¯K+π−
and +c → pK−π+ mass plots where signals for all
beams are combined. Gaussian fits are shown for il-
lustration only. The background shapes are smooth on
the low mass and high mass side of the signal regions.
The signal yield for baryons and antibaryons are de-
termined by a sideband subtraction method which as-
sumes a linear mass resolution dependence for the mo-
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Fig. 1. Mass distributions for ¯−c (left) and +c (right) where signals for all beams are combined. Gaussian fits are shown for illustration only.
mentum spectrum. The number of background events
estimated outside the signal window is subtracted from
the number of events in the signal window. The signal
window corresponds to a 3.33σ mass width and the
background is 10σ centered at 2.285 GeV/c2. We find
1979± 71 signal events for +c and 520± 60 signal
events for ¯−c .
4. Asymmetry analysis and xF distributions
The data yields were corrected in each xF bin by
the total acceptance (geometrical acceptance and re-
construction efficiency). The simulation used Monte
Carlo generated +c (or c.c.) events with phase space
decay to the pKπ final state. The simulated trajecto-
ries were converted to hits in all tracking detectors,
including multiple Coulomb scattering but not sec-
ondary interaction losses. The hits were embedded in
the hit banks of real data and all tracks were recon-
structed. This overestimates slightly the tracking inef-
ficiency, but this effect is small. The RICH simulation
has been tested against a set of 0 → p + π− events
taken without a RICH cut. Agreement is excellent; the
proton identification efficiency averaged over the mo-
mentum spectrum is 95%.
The simulated events were analysed with the same
tracking and reconstruction procedure used in the data.
The whole set of cuts used to extract the signal was
applied here as well. The acceptance is the ratio be-
tween the number of events reconstructed by the num-
ber of embedded events generated. SELEX acceptance
does not depend on the transverse momentum of the
charm particle up to p2t = 7 (GeV/c)2. The recon-
struction efficiency is 12% with a variation of 2%.
Therefore, we consider only the acceptance as a func-
tion of xF . An important issue for this analysis is the
relative efficiency for the baryon and antibaryon de-
cays. As seen in Fig. 2, there is no discernible differ-
ence in the acceptances. The number of events recon-
structed for each beam with the calculated efficien-
cies  and its errors are summarized in Table 1. The
xF distribution of the acceptance-corrected number of
events from each beam is shown in Fig. 3. Because the
beam flux is the same for baryon and antibaryon, these
figures compare the relative production cross sections
for these states. The curves shown are fits of the stan-
dard parametrization (1 − xF )n to the data. The re-
sults are summarized in Table 2. The relative sizes
of the differential cross sections for baryon and an-
tibaryon production are clearly different for pion and
baryon beams. The pion beam valence quark content is
baryon/antibaryon symmetric. Relative cross sections
for +c and ¯−c production from pions are compara-
ble in shape and magnitude over the entire xF range.
Such behaviour is consistent with the leading particle
picture, since both charm states share a valence quark
in common with the beam. For − and proton beams
+c production is much stronger than ¯−c production,
especially at high xF . In this case there are no va-
lence antiquarks, and antibaryon production appears
to be strongly disfavored. The four distributions that
show leading behaviour are consistent with a common
(1 − xF )n dependence having n ∼ 2.5, much harder
than the n for leading meson production from pion
beams [8,9]. Note that the high-statistics − distrib-
ution shows some interesting structures. Clearly +c
production is favored over ¯−c , and the enhancement
increases with xF . The p2t spectrum for +c produc-
tion by the three different beam hadrons is shown in
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Fig. 2. Acceptance of c reconstruction.
Table 1
The number of events reconstructed in the signal mass region for +c and ¯−c . The errors are statistical only
Beam +c ¯−c
particle xF Events xF Events
π− 0.15−0.225 323±151 0.15−0.225 131±124
0.225−0.30 251±86 0.225−0.30 142±74
0.30−0.375 139±51 0.30−0.375 92±52
0.375−0.45 165±42 0.375−0.45 133±39
0.45−0.525 115±36 0.45−0.525 45±33
0.525−0.60 60±25 0.525−0.60 56±25
0.60−0.675 19±21 0.60−0.675 23±19
0.675−0.75 22±15
0.75−0.85 4±8
Proton 0.15−0.225 33±11 0.15−0.225 171±97
0.225−0.30 64±12 0.225−0.325 −63±57
0.30−0.375 63±11 0.325−0.425 17±29
0.375−0.45 58±10 0.425−0.60 8±21
0.45−0.525 30±8
0.525−0.60 25±7
0.60−0.675 15±5
0.675−0.75 10±5
0.75−0.85 1±3
− 0.125−0.175 3316±638 0.125−0.175 1458±534
0.175−0.225 2583±370 0.175−0.225 592±260
0.225−0.275 1474±227 0.225−0.275 297±191
0.275−0.325 1114±173 0.275−0.325 421±126
0.325−0.375 1048±133 0.325−0.375 290±105
0.375−0.425 921±117 0.375−0.425 84±67
0.425−0.475 705±92 0.425−0.475 31±54
0.475−0.525 461±81 0.475−0.525 64±58
0.525−0.575 384±71 0.525−0.625 5±12
0.575−0.625 392±65 0.625−0.825 1±5
0.625−0.675 224±55
0.675−0.725 121±48
0.725−0.775 53±39
0.775−0.825 120±35
0.825−0.875 107±7
0.875−0.925 4±17
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Fig. 3. c xF distribution of corrected number of events for π− (a), proton (b) and − (c) beams. (d) shows the +c xF distribution for −
production at low p2t and high p2t .
Table 2
Summary of measured n-value from the fit (1− xF )n for +c and ¯−c . The errors are statistical only
Beam +c ¯−c
particle xF n-value xF n-value
π− 0.15−0.85 2.65±0.44 0.15−0.675 2.2±0.8
− 0.125−0.925 2.45±0.18 0.125−0.825 6.8±1.1
p 0.15−0.85 2.33±0.30 0.15−0.60 no fit
Fig. 4. For p2t  2 (GeV/c)2 all three beams are con-
sistent with a smooth exponential spectrum e−bp2t with
the same parameter b ≈ 1.1 (GeV/c)−2. At larger p2t
values, seen only in the high-statistics − data, the
exponential gives way to a power-law behavior as ex-
pected in QCD and as seen in D±,0 production [8].
There is no indication in the large-xF events of an
enhancement at small p2t as suggested by the intrin-
sic charm picture. However, when we look at the xF
behaviour of events after the slope change at p2t 
2 (GeV/c)2, we see a significant difference in the xF
behaviour. The events with large p2t have a softer xF
spectrum than those at small p2t , as seen in Fig. 3(d).
The hadroproduction asymmetry A is defined as:
(1)A≡ σc − σc¯
σc + σc¯ ,
where σc (σc¯) is the production cross section for the
charm particle (anticharm particle) in study.
We calculated the values of the asymmetry and the
errors using the maximum likelihood method with no
limit at A = ±1. Events in each xF bin follow the
Poisson distribution. Therefore, the likelihood func-
tion is a product between two Poisson distributions,
one for the background region and the other for the
signal region.
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Fig. 4. c p2t distribution of corrected number of events for π− (left), proton (center) and − (right) beams.
Fig. 5. Asymmetry for c production by π− (top), − (center) and proton (bottom) beam.
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The results are presented for the three beam hadrons
in Fig. 5. As is already clear from the xF distributions,
c production in − and proton beams shows a strong
asymmetry favoring baryons over antibaryons at all
xF . The proton asymmetry begins near unity already
at small xF , reflective of the paucity of ¯−c production
by protons. The − asymmetry has a smoother ap-
proach to the limit at +1. In the case of the π− beam
we see only a slightly positive and constant asymme-
try throughout the xF range. Our result agrees well in
the overlap region with recent E791 data [10].
5. Systematic errors
Systematic errors in kinematic analysis may arise
from several sources. We list here the ones that have
been considered. In all cases systematic effects are
found to be small compared to statistical errors.
• xF binning effects.
The xF distribution is relatively smooth, but there
are structures in the high statistics data. We have
shifted the bin limits for all xF distributions by
0.025 (half a bin) and refit the data. No effect in
the character of the distributions is observed. For
example, all the structures seen in Fig. 3(c) are
also present in the shifted distribution. Changes in
the n-value are consistent with purely-statistical
effects. Therefore, we quote a conservativen for
the fit of 0.1, even though no systematic effect has
been seen.
• Mass window size.
The signal window in the mass distribution is
taken as ±30 MeV/c2 around 2.285 GeV/c2. We
have changed the window up to ±35 MeV/c2 and
down to ±25 MeV/c2. The systematic error for
changing the mass window compared to statistical
error is negligible.
• Acceptance correction.
The acceptance shown in Fig. 2 is computed using
the method of adding hits from simulated charm
decay tracks into the data banks from an observed
event. The modified event is reanalysed to see
if the charm state is reconstructed. There could
be a shift in the corrected xF distribution if the
acceptance calculation does not represent truly
the xF variation of the apparatus efficiency. In
E781 the dominant efficiency variation at low
xF is purely geometric: both proton and kaon
pass through the fiducial volume of the RICH
counter. A second geometric effect is related
to the fact that the charm particle live long
enough to pass the vertex significance cut. The
tracking characteristics of the spectrometer match
those predicted from the simulation very well
over all momenta studied here. The Ks mass
is the same for all observed momenta, both in
data and simulation. We believe that there is no
systematic bias from the simulation and assign no
error.
• Trigger bias in asymmetry.
The xF -dependent effects tend to cancel in the
asymmetry measurement. However, a new sys-
tematic effect must be considered: Trigger bias.
The E781 trigger required counts on the positive-
bend side of a trigger hodoscope after the sec-
ond bending magnet. This might favor +c pro-
duction over +c . We looked at the asymmetry of
Ks production, for times when the π+ is found
in the high-momentum spectrometer compare to
the converse. We see a maximum 3% asymme-
try. We also look at the charm baryon data itself.
For 97% of the observed c candidates, the event
would have satisfied the trigger even without the
charm decay tracks. We conservatively assign a
3% systematic error to the asymmetry from trig-
ger bias.
6. Summary
The SELEX experiment reconstructed about 2500
c → pKπ from 600 GeV/c − and π− beams
and a 540 GeV/c proton beam. We observed that the
xF -dependence of +c production is similar for all
three beams, much stiffer than for meson production.
Both baryon beams show a strong enhancement of the
production of charm baryons over antibaryons, while
the two are produced comparably from a pion beam.
These results are in general agreement with color-drag
models of hadronization [11]. The differences in be-
haviour for protons and − illustrate significant non-
perturbative effects in production dynamics at these
energies.
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